diabetes ͉ metabolism ͉ therapeutics T he advancing epidemic of type 2 diabetes mellitus (1) now claims 9.3% of the U.S. population (2) . The several antidiabetic effects of peptidic glucagon-like peptide (GLP) 1 receptor (GLP-1R) agonists, including glucose-dependent stimulation of insulin secretion (3) , have promoted their development as therapeutics (4) . Although GLP-1 itself can acutely (5) and chronically (6) normalize glucose in diabetic patients, its half-life is short (7) , resulting in its abandonment as a drug in favor of longer-acting peptides such as exenatide and liraglutide. The considerable promise of peptidic ''incretin mimetics'' such as exenatide (BYETTA) with weight loss and near-normalization of HbA1c (8) may be diminished by their need for injection.
An alternate means to the development of orally available medicines is the inhibition of the enzyme primarily responsible for the degradation of endogenous GLP-1, dipeptidyl peptidase IV (9) , but the efficacy of this approach may be limited by endogenous peptide secretion. There were several efforts to find nonpeptidic GLP-1R agonists. Although some small-molecule leads seemed to have at least partially activated the GLP-1 signaling pathway in vitro (10) , there has been no report of effects in vivo. We here report an example of a nonpeptidic, orally available GLP-1R agonist with potentially beneficial effects on food intake, body weight, glucose tolerance, and HbA1c in db/db mice, a useful model of type 2 diabetes mellitus (11) . Effects appear to be receptor-mediated and are blocked with the selective GLP-1R antagonist exendin(9-39) (12) .
Results

Screening.
In an attempt to discover nonpeptidic small-molecule GLP-1R agonists, we screened a diverse library of 48,160 synthetic and natural compounds against HEK293 cells stably transfected with a rat GLP-1R vector and an multiple response element/cAMP response element-driven luciferase reporter plasmid (HEK293-rGLP-1R cells). The assay exhibited high signal-to-background and signal-to-noise ratios (39.6 and 236.7, respectively) and was amenable to high-throughput screening of GLP-1R agonists. Of five initial hits, two synthetic compounds (SH14800 and SH17249) were confirmed to invoke luciferase reactions, to elevate cAMP, and to displace [
125 I]GLP-1(7-36) amide from receptors [supporting information (SI) Fig. 5 ].
Minor structural modifications of SH14800 yielded compounds NC133908 and NC133909 (Fig. 1) , with greater, but sporadic, biologic activity. It transpired that the bioactivity did not reside in these analogues themselves, but resulted from processes that occurred in DMSO solution and led to the formation of the substituted cyclobutane S4P (MW 1068) (Fig. 1) , derived from NC133908. S4P, together with its analogue, Boc5 (MW 1076) ( Fig.  1) , derived from NC133909, were synthesized for further biological characterization.
In Vitro Characterization. Both S4P and Boc5 dose-dependently elicited luciferase responses in HEK293-rGLP-1R cells with similar potencies. Whereas S4P at concentrations up to 10 M evoked maximally only 37% of the GLP-1 response, Boc5 appeared to be a full agonist of GLP-1R (Fig. 2a) . Neither compound nor GLP-1 affected vector control HEK293 cells expressing only an intact reporter system (which forskolin could directly activate) (13) (SI Fig. 6 ).
The specificity of these ligands for GLP-1R was tested in HEK293 cells transiently transfected with human receptors for either of the related ligands, GLP-2 or glucagon. Like GLP-1, S4P and Boc5 did not activate these cells, whereas GLP-2 and glucagon each dose-dependently stimulated expression of their respective reporter genes. They were equally active at human and rat GLP-1Rs.
GLP-1R is a class B G s -coupled membrane receptor, agonists of which activate adenylate cyclase and elevate intracellular cAMP content (14) . GLP-1, S4P, and Boc5 each increased cAMP in HEK293-rGLP-1R cells, although the effects of two substituted cyclobutanes were less marked (SI Fig. 7 ). To further study whether cellular reactions were receptor-mediated, the GLP-1R antagonist exendin(9-39) was applied at different concentrations in the reporter assay before stimulation with GLP-1, S4P, or Boc5. Luciferase responses were completely blocked by exendin(9-39) at concentrations equal to or above 1 M (Fig. 2b) . Both S4P and Boc5 displaced [
125 I]GLP-1 amide from a GLP-1R-containing membrane preparation with similar affinities (Fig. 2c) . Finally, we investigated the effects of Boc5 in a tissue preparation containing native GLP-1R, namely isolated rat pancreatic islets. Insulin secretion was increased 9.1-fold in control (vehicle-treated) islets when the superfusing glucose concentration was changed from 3.3 mM to 25 mM. This response was augmented by a factor of 2.6 after incubation with GLP-1 (100 nM). When incubated with Boc5 (up to 10 M), glucose-stimulated insulin secretion was amplified by a factor of up to 4.5 (Fig. 2d) .
Acute in Vivo Studies. The reported effects of acutely injected GLP-1 mimetics include inhibition of food intake, slowing of gastric emptying, amplification of nutrient-stimulated insulin secretion, suppression of glucagon secretion, and restoration of impaired first-phase insulin secretion (15) . To test for an acute anorectic effect Boc5 was injected i.p. into overnight-fasted female C57BL/6 (wild-type) mice. Boc5 dose-dependently inhibited food intake for at least 12 h (Fig. 3a) . With the 2-mg dose, 12-h food intake was suppressed by 54 Ϯ 13% (P ϭ 0.0034). The estimated ED 50 was 1.57 Ϯ 0.09 mg (Ϸ80 mg/kg) (Fig. 3b) . When delivered orally in 1-ml gavage with 2% DMSO and 20% PEG400 in saline, Boc5 dosedependently suppressed food intake for Ϸ2 h compared with vehicle controls, suggesting oral bioavailability (Fig. 3d) . The ED 50 for this anorectic effect was 0.53 Ϯ 0.08 mg (Fig. 3e) . The effects of i.p. and oral Boc5 were completely suppressed by pretreatment of mice with i.p. exendin(9-39) ( Fig. 3 c and f ) . Pharmacokinetic parameters were estimated after HPLC analysis of plasma sampled serially in three mice injected i.p. with 2 mg of Boc5. Terminal decay half-life was 7.5 Ϯ 1.2 h (SI Fig. 8 ). Oral bioavailability was qualitatively affirmed after a 10-mg gavage by the appearance in plasma of Boc5 as a major peak.
Chronic in Vivo Studies. Chronic effects of peripherally administered GLP-1R agonists include weight loss in models of obesity, reduction in HbA1c and plasma lipids, restoration of ␤ cell function, increases in insulin sensitivity in models of type 2 diabetes, and induction of ␤ cell neogenesis and differentiation (15) . Effects of chronically i.p. injected Boc5 and S4P were studied in C57BL/6J-mϩ/ϩ Lepr db (db/db) mice, a rodent model of type 2 diabetes. Based on the observation that HbA1c was robustly lowered with S4P administration (SI Fig. 9 ), it was used as the prime glycemic indicator for subsequent investigations with Boc5. By design, HbA1c was initially well matched in all db/db groups. In these groups it was significantly higher than in wild-type mice, in which it remained low throughout the experiment (Fig. 4a) . HbA1c stayed high in db/db mice fed ad libitum. And even though their food intake was restricted by 24.9% (that is, to a level even less than that of wild-type mice) (SI Fig. 10 ), HbA1c continued to be high in pair-fed mice. In contrast, diabetic mice injected daily with either 1 mg or 2 mg of Boc5 i.p. exhibited a gradual reduction in HbA1c that became indistinguishable from that of wild-type mice after 4-6 weeks of dosing. HbA1c values after 6 weeks among wild-type and Boc5-treated (1 mg and 2 mg) groups were not different from each other but were significantly less than values in pair-fed or ad libitum-fed db/db mice (P Ͻ 0.0001 for all comparisons; Tukey-Kramer test). HbA1c remained normal for a further 6 weeks after cessation of Boc5 treatment in both dosage groups (Fig. 4a) .
Fasting blood glucose concentrations were expectedly more labile than HbA1c, but group responses were otherwise consistent with HbA1c results (SI Fig. 11 ). Glycemia, as reflected by either fasting glucose or HbA1c, was normalized with both 1-mg and 2-mg doses of Boc5.
Whereas body weight changed little in wild-type mice, it continually increased over the 6-week treatment period by Ϸ12 g in ad libitum-fed db/db mice, who consumed Ϸ23% more chow than wild-type mice (Fig. 4b) . Weight changes in pair-fed, Boc5 (2 mg)-treated and wild-type mice were indistinguishable during the 6-week treatment period, and all showed less weight gain than did ad libitum-fed db/db mice (P Ͻ 0.0001 for all comparisons).
An i.p. glucose tolerance test was performed in half of the animals after 6 weeks of treatment and again 15 weeks after cessation of therapy. Glucose excursions after a 2-g glucose challenge were integrated as the area under the curve 0-120 min after glucose administration (Fig. 4c) . After 6 weeks of therapy, the area under the curve was higher for ad libitum-and pair-fed db/db mice than for wild-type mice (P ϭ 0.0075 and P ϭ 0.0043, respectively). Mice treated with 2 mg of Boc5 demonstrated glucose excursions that were smaller than in ad libitum-and pair-fed controls (P ϭ 0.0006 and P ϭ 0.0006, respectively) and indistinguishable from those in wild-type mice (P ϭ 0.64). Thus, glucose tolerance was normalized after chronic 2-mg Boc5 treatment. It was partly, but not fully, normalized with chronic administration of Boc5 at 1 mg per day. The effect to normalize glucose tolerance had reversed 15 weeks after cessation of Boc5 treatment. Glucose area under the curve was indistinguishable among all diabetic animals irrespective of prior treatment (P Ͼ 0.05 for all comparisons) but was different between wild-type mice and each diabetic group (ad libitum, P ϭ 0.0026; pair-fed, P ϭ 0.0153; 2 mg of Boc5, P ϭ 0.0072; 1 mg of Boc5, P ϭ 0.0052).
Fasting insulin concentrations in ad libitum-fed and pair-fed db/db mice were markedly higher than in wild-type mice (each P Ͻ 0.0001), indicating impaired insulin sensitivity. Fasting insulin in mice treated with 1 and 2 mg of Boc5 was lower, or trending lower, than in pair-fed controls (P ϭ 0.0054 and P ϭ 0.0653, respectively) (Fig. 4d) .
Total cholesterol was reduced in terminal samples of the Boc5-treated cohort killed after 6 weeks (P ϭ 0.0054 and P ϭ 0.0002 for Boc5 at 2 mg vs. pair-fed and ad libitum-fed groups, respectively). This was principally driven by small decreases in low-density lipoprotein cholesterol (P ϭ 0.045) and large reductions in highdensity lipoprotein (P ϭ 0.0005). The trend for reduction in triglycerides was not statistically significant.
No toxicities were detected with Boc5 in vitro [up to 300 M in a HEK293 cell 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay] or in vivo (no elevation of the liver enzymes alanine aminotransferase and aspartate aminotransferase) in animals treated for 6 weeks.
Discussion
In Vitro Activity. The molecule herein designated as Boc5 was derived from hits detected in a high-sensitivity screen for GLP-1R agonism. In the screening assay, which included artificially expressed GLP-1R in HEK293 cells, Boc5 behaved as a full agonist whereas the related molecule, S4P, behaved as a partial agonist. Agonism was inferred from an increase in reporter signal and also from an increase in cAMP. In contrast to the effects of forskolin, which acts directly on intracellular signaling (13), neither compound activated cells without GLP-1Rs. Likewise, neither compound activated cells expressing receptors for glucagon or GLP-2, which, like GLP-1, are also processed from pro-glucagon in a tissuespecific manner. As with GLP-1, cellular effects of S4P and Boc5 were blocked with exendin(9-39), a ligand reported to be a selective antagonist of GLP-1R (16) . Finally, dose-dependent insulinotropic effects were observed in isolated rat pancreatic islets, a system in which endogenous GLP-1 sensitivity was manifest.
Although actions at yet-to-be-discovered receptors cannot be precluded, the most parsimonious explanation accounting for the concurrence of these findings is that S4P and Boc5 are agonists at GLP-1R. There have been several major pharmaceutical efforts to discover small-molecule GLP-1R agonists. Two patent disclosures report GLP-1 agonism in vitro (10, 17) , but in neither of these was any in vivo activity reported. One publication describes a small-molecular-weight antagonist of GLP-1R.
f The presence of in vivo activity was deemed important for these molecules to be considered as potential drug leads.
Acute in Vivo Activity. A decrease in food intake in overnight-fasted mice may be used as a convenient measure of in vivo activity. However, similar effects could be obtained via receptors for a number of anorectic agonists, many of which are peptidic. Furthermore, reduction in food intake can be a manifestation of ''sickness behavior'' in response to a general toxic effect. However, agonism at alternate receptors, or anorexia due to a general toxicity, cannot be easily explained by abrogation of the response with the selective GLP-1R antagonist exendin(9-39). Thus, the anorectic effect of i.p.
Boc5 is consistent with its behaving as a GLP-1R agonist in vivo.
The effect of gavaged Boc5 to inhibit food intake could have been attributed to a behavioral response to the stress of handling. But the observation that it did not occur with vehicle treatment and was abrogated with prior treatment with exendin(9-39) suggests that it too is best explained as in vivo GLP-1R agonism. If this is indeed the case, then these experiments reveal a nonpeptidic GLP-1R agonist with acute in vivo activity.
Chronic in Vivo Activity. As a further probe of in vivo activity, and of potential therapeutic utility, effects of chronic Boc5 administration were tested in db/db mice, a murine model of type 2 diabetes. These animals are characterized by hyperphagia due to defective leptin signaling (18) , insulin resistance, and impaired ␤ cell secretion and have been useful in characterizing potentially antidiabetic compounds (19) .
Mice were used because of limited Boc5 supply, and i.p. injection was chosen as the route of administration because of uncertainty of oral bioavailability. Because red cell turnover is more rapid in rodents than in humans, HbA1c is sufficiently rapid to be a useful measure of glycemic changes (20) and was used here. The normalization of HbA1c with both 1-mg and 2-mg doses of Boc5 suggests that effects may have been near maximal and that efficacy may have been seen at lower doses. Differences in HbA1c comparable to those reported here were observed in db/db mice treated for 13 weeks with daily injections of exendin-4 (21) .
The possibility that antidiabetic effects were related to reduced caloric intake (secondary, for example, to general malaise) was tested with the inclusion of a pair-fed control group. Despite being matched to the reduced food intake of the 2-mg Boc5-treated group, the pair-fed controls showed persistent diabetes. In another model of leptin signaling-deficient type 2 diabetes, the ZDF rat, pair-feeding similarly invoked only part of exendin-4's improvement in HbA1c and insulin sensitivity. g A comparable result was also seen in ZDF rats with the long-acting GLP-1 derivative NN2211 (liraglutide). h Other aspects of metabolic improvement observed in the present study have been previously reported with peptidic GLP-1R agonists. Weight loss (20, 22, 23 ) is a feature of chronic GLP-1R agonist treatment, as are reductions in cholesterol, i triglycerides, j,k and other lipids (24) . Cholesterol reduction was principally driven by small decreases in low-density lipoprotein cholesterol and large reductions in high-density lipoprotein, the latter being artifactually elevated in db/db mice and other models of disrupted leptin signaling (25) .
Although insulin sensitivity was not measured directly in the present study, Boc5-mediated changes in fasting insulin concentration were consistent with an improvement in insulin sensitivity. Insulin sensitization is a feature of chronic (but not acute) exposure to GLP-1R agonism (20, (26) (27) (28) (29) (30) (31) .
Glucose tolerance after an i.p. glucose tolerance test was normalized in Boc5-treated animals and reverted upon withdrawal.
This finding is consistent with a previous observation that chronic exenatide administration significantly improved glucose tolerance in db/db mice (32).
Durability of Antidiabetic Effect. The antidiabetic effect of Boc5 extended well beyond the period of treatment in the present experiments. Although the mechanisms underlying this were not determined, potential explanations may include durable effects previously associated with chronic exenatide treatment. In those studies, in addition to an improvement in insulin sensitivity that extended beyond the period of treatment, there was an augmentation of the ␤ cell mass appropriate for that degree of insulin sensitivity (33) . Such an effect is consistent with reported effects of GLP-1R agonists to promote neogenesis and differentiation of ␤ cells l (34) (35) (36) .
Summary. The data presented here collectively support the substituted cyclobutane, Boc5, acting as a GLP-1R agonist. This interpretation is strengthened by blockade of both in vitro and in vivo effects with the specific GLP-1R antagonist exendin(9-39) and by the spectrum of biological actions observed in intact nondiabetic and diabetic animals. The actions reported here are consistent with this molecule being a nonpeptidic agent with sufficient activity at GLP1-R to evoke effects in whole animals. Although the observed effects point to a potential antidiabetic/antiobesity utility, an optimized drug will likely require greater potency. The findings reported here not only have the potential to spawn a new class of orally available GLP-1R agonists for treatment of metabolic diseases, but may also launch a wider general understanding of small-molecule agonism at other class B G protein-coupled receptors, therapeutic targets currently addressable only by injected macromolecules.
Materials and Methods
Construction of Plasmids, Cell Culture, and Stable Cell Lines. The GLP-1R cDNA was amplified by RT-PCR from rat testis RNA and cloned into pCMV-Tag2B (Stratagene, La Jolla, CA). The sense and antisense primers used were 5Ј-GGGAATTCATGGCCGT-CACCCCCAGCC-3Ј and 5Ј-GGCTCGAGTCAGCTGCAGGA-ATTTTGGCAGGTGG-3Ј, respectively. The reporter gene was constructed by cloning three copies of multiple response element (5Ј-ATGCTAAAGGACGGTCACATTGCA-3Ј) and one copy of cAMP response element (5Ј-CGTCATACTGTGACGTC-3Ј) in front of the luciferase reporter plasmid, pGL3 vector (Promega, Madison, WI) (36) . Three micrograms of pCMV-Tag2B-rGLP-1R and 1 g of reporter gene plasmid were transfected into 1 ϫ 10 5 HEK293 cells in a six-well plate. On the second day the cells were split into three 100-mm cell culture plates and 300 g⅐ml Ϫ1 geneticin (Merck KGaA, Darmstadt, Germany) was added to the cell culture on the third day. The selection medium, i.e., DMEM containing 10% FBS in the presence of 400 g⅐ml Ϫ1 geneticin, was changed every 3 days until colonies were formed. The single colony was picked up and expanded. The stable cell line expressing rGLP-1R was confirmed by a functional reporter assay in response to GLP-1 stimulation.
Reporter Gene Assay. The HEK293-rGLP-1R cells were seeded onto 96-well cell culture plates with a density of 40,000 cells per well and incubated overnight. At the time of assaying, GLP-1(7-37) (Sigma, St. Louis, MO) or test compounds dissolved in DMSO were added (1-100 l). In the blocking studies, cells were reacted with exendin(9-39) (Ana Spec, San Jose, CA) in DMSO (1 l) for 10 min before the above procedure. After 6 h of incubation, they were lysed and quantified for luciferase activity by using the Steady-Glo luciferase assay system (Promega). Receptor Binding Assay. The membrane protein preparation was made from the HEK293-rGLP-1R cells as described previously (37) . Insulin Secretion from Isolated Pancreatic Islets. The islets isolated from male Sprague-Dawley rats (38) were incubated first in 3.3 mM, then 25 mM glucose for 45 min in the presence or absence of 100 nM GLP-1 or different concentrations of Boc5. Insulin in the media was measured at the end of each incubation by using the mouse insulin ELISA kit (Linco Research, St. Charles, MO). The secretory response was calculated as the relative increase in 45-min insulin secretion under high-vs. low-glucose conditions. The insulinotropic effects of GLP-1 and Boc5 were expressed as the factor by which the secretory response was amplified.
Acute in Vivo Studies of Food Intake. Overnight-fasted female C57BL/6 mice (6 weeks old, 18-20 g; Shanghai SLAC Laboratory Animals Co., Shanghai, China) were injected i.p. with vehicle or 0.1, 0.3, 1, or 2 mg of Boc5 dissolved in 1% DMSO and 20% PEG400 in saline. Individually caged mice were exposed to a preweighed food pellet, which was then reweighed every 15 or 30 min for 12 h to determine cumulative intake. A comparator group (n ϭ 10) was injected i.p. with 1 g of exendin-4 (Sigma) in saline. Vehicle alone (2% DMSO and 20% PEG400 in saline, 1 ml) or containing 0.3, 1, 3, or 10 mg of Boc5 was administered orally into mice prepared as above. Cumulative food intake was monitored for 6 h.
Chronic in Vivo Studies. Eight-week-old C57BL/6J-mϩ/ϩ Lepr db (db/db) mice (Model Animal Research Center of Nanjing University, Nanjing, China) of both sexes were confirmed as diabetic and assigned into four treatment groups (n ϭ 14-15 per group) with matched HbA1c (Glycosal HbA1c kit; Provalis Diagnostics, Deeside, U.K.; and DS1 Glycosal HbA1c Analyzer; Drew Scientific, Barrow in Furness, U.K.). One vehicle-treated control group was allowed to feed ad libitum. Two groups were injected i.p. once daily with 1 or 2 mg of Boc5 formulated as above for 42 days. To account for secondary effects that might be due to a drug-induced reduction in food intake, a pair-fed control group of db/db mice was presented 24 h later with the same quantity of food that the Boc5 2-mg-treated group had consumed. A further comparator group comprising the wild-type nondiabetic C57BL/6 littermates (n ϭ 7) was used to index responses to normal values. HbA1c was measured weekly, and overnight fasting blood glucose was assayed twice per week by using a Freestyle Mini blood glucose monitoring system (TheraSense, Alameda, CA). Food intake and body weight were measured daily. After 42 days of treatment, half of the mice in each group (n ϭ 7-8) were fasted overnight, measured for plasma insulin levels, and challenged i.p. with 2 g⅐kg Ϫ1 D-glucose (Sigma) followed by serial sampling of blood glucose. A terminal sample was taken for determination of total cholesterol, triglycerides, high-density lipoprotein, low-density lipoprotein, alanine aminotransferase, and aspartate aminotransferase. Drug treatment was stopped, and the remaining mice in each group were monitored for another 42 days. The pair-fed group was still constrained to a food intake as above.
